Introduction
============

Gastric cancer (GC) is one of the important diseases threatening human health in the world, and it is the second cause of cancer-related deaths in women and the third in men in China.[@b1-ott-11-3025],[@b2-ott-11-3025] At present, surgical resection is still the main treatment for GC. However, the resection rate for GC was only about 50% because most of patients with GC are diagnosed at advanced stage.[@b3-ott-11-3025] Chemotherapy can only alleviate the symptoms and prolong the survival of patients with GC, and there is still a lack of "wonder drugs" for GC.[@b4-ott-11-3025] To improve the prognosis of GC, early diagnosis is of utmost importance.[@b5-ott-11-3025] Moreover, more effective therapeutic strategies still need to be instituted, which depend on new therapeutic targets. Investigating the molecular mechanisms of GC progression is crucial to identify new therapeutic targets.

LGR6 is a member of the leucine-rich repeat containing G-protein-coupled receptors (LGRs).[@b6-ott-11-3025] In some organs, such as skin, taste buds, and lungs, LGR6 has been identified as a stem cell marker.[@b7-ott-11-3025]--[@b9-ott-11-3025] LGR6^+^ stem cells play an important role in hair follicle development and wound repair.[@b6-ott-11-3025],[@b10-ott-11-3025] In addition, LGR6 is related to the prognosis of patients with tumor. Guinot et al[@b11-ott-11-3025] found that LGR6^+^ cells contributed to human lung adenocarcinomas. The lung stem cell marker LGR6 becomes enriched from early to late stages in non-small-cell lung cancer cells.[@b11-ott-11-3025] Krejs[@b12-ott-11-3025] reported that LGR6 is overexpressed in GC and patients with high LGR6 expression had poor survival. They suggested that LGR6 could promote the progression of tumor through Wnt pathway. LGR6, and its homologous receptors, are amplifiers of Wnt pathway and involved in maintaining stem cell self-renewal.[@b13-ott-11-3025] Wnt pathway plays an important role in the process of cell differentiation, proliferation, and apoptosis, as well as in the cell carcinogenesis and tumor invasion.[@b14-ott-11-3025]

Considering the complex interaction of signaling pathways, we hypothesized that there are some other pathways involved in the tumor progression regulated by LGR6. The present study is proposed to identify the new pathway controlled by LGR6 and explore the effects of LGR6 on the proliferation, apoptosis, migration, and invasion of GC cells in vitro, thus contributing to further understand the molecular mechanisms of GC progression and develop more effective therapeutic strategies.

Materials and methods
=====================

Cell culture and reagents
-------------------------

Human GC cell lines (MGC803 and MKN45) were obtained from the Shanghai Institutes of Biological Sciences Cell Bank and were maintained in Roswell Park Memorial Institute-1640 (RPMI 1640) supplemented with 10% fetal bovine serum (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) and 1% penicillin/streptomycin (Gibco, Thermo Fisher Scientific) at 37°C in a humidified atmosphere containing 5% CO~2~. Antibodies against Caspase-3, Bcl2, Bax, AKT, mTOR, and β-actin as well as phosphorylated forms of AKT (T308) and mTOR (S2448) were purchased from Abcam (Cambridge, UK). Bound antibodies were detected with horseradish peroxidase-linked antibody against mouse (Abcam) or rabbit (Santa Cruz Technology, Dallas, TX, USA) immunoglobulin G, followed by enhanced chemiluminescence detection (Amersham, USA).

Gene transduction
-----------------

The shRNAs targeting LGR6 (LGR6 shRNA1, 2, 3), lentiviral expression vector of LGR6 gene (OE-LGR6), and their negative control were obtained from Ribobio (Guangzhou, People's Republic of China) ([Table 1](#t1-ott-11-3025){ref-type="table"}). The lentivirus was packaged using the pSPAX2, pMD2G, and pHBLV-U6-ZsGreen-Puro plasmids, as well as Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA; Thermo Fisher Scientific) for the 293T cell line; the lentivirus was collected after 48 h. The MGC803 and MKN45 cell lines were infected with lentivirus and polybrene (1:500; Sigma-Aldrich Co., St. Louis, MO, USA). The expression change of LGR6 was determined by reverse-transcription polymerase chain reaction (RT-PCR) at 48 h after transfection.

RT-PCR
------

Total RNA was isolated from GC cells using the Trizol reagent (Takara Bio Inc., Kusatsu, Shiga Prefecture, Japan). Purified RNA was reversely transcribed into cDNA with the M-MLV First Strand kit (Invitrogen) according to the manufacturer's instructions.[@b15-ott-11-3025] RT-PCR reactions were carried out using the SYBR Premix Ex Tag II (Takara Bio Inc.) on an ABI PRISM 7500 Sequence Detection system (Applied Biosystems, Foster City, CA, USA).[@b16-ott-11-3025] Briefly, after an initial denaturation step at 95°C for 30 s, amplifications were conducted with 40 cycles at a melting temperature of 95°C for 5 s, and an annealing temperature of 60°C for 34 s. Human GAPDH was used as the housekeeping gene to normalize the expression level of target gene. Primers used for amplifications were as follows:

Briefly, after an initial denaturation step at 50°C for 2 min and 95°C for 2 min, amplifications were conducted with 40 cycles at a melting temperature of 95°C for 15 s, and an annealing temperature of 60°C for 15 s, 72°C for 1 min. Human GAPDH was used as the housekeeping gene to normalize the expression level of target gene. Primers used for amplifications were as follows: LGR6 forward, 5′-TGACGGCTTACCTGGACCTCA-3′, reverse, 5′-AGAGAATGCTTGTCCTGGGATG-3′; Bcl-2, forward, 5′-CAGGAAACGGCCCGGAT-3′, reverse 5′-CTGGGGCCTTTCATCCTCC-3′; Bax forward, 5′-GGGTTGTCGCCCTTTTCTAC-3′; reverse, 5′-CTGGAG ACAGGGACATCAGT-3′; Caspase-3, forward, 5′-TGCT ATTGTGAGGCGGTTGTAG-3′, reverse, 5′-GGCACAC CCACCGAAAAC-3′; GAPDH, forward, 5′-GAAGGTG AAGGTCGGAGTC-3′; reverse, 5′-GAAGATGGTGATGGGATTTC-3′.

Western blotting analysis
-------------------------

Cell lysates were centrifuged at 4°C for 10 min at 12,000 g. Equal amounts of proteins were loaded onto 8% or 10% sodium dodecyl sulfate--polyacrylamide gels and then transferred onto polyvinylidene fluoride membranes (Millipore, Billerica, MA, USA). After blocking with 5% BSA/P-BST buffer for 1 h, membranes were incubated in primary antibodies at 4°C overnight. Subsequently, blots were incubated with horseradish peroxidase-linked secondary antibody at room temperature for 2--3 h. Immunoreactive proteins were detected using the SuperSignal West Pico Chemiluminescent substrate (Thermo Fisher Scientific). The band quantification was conducted using ImageJ (National Institutes of Health, Bethesda, MA, USA).[@b17-ott-11-3025]

Proliferation assays
--------------------

MTT assay was used to measure the cell viability of MGC803 and MKN45 cells. 100 μL GC cell suspension containing 2,000 cells were seeded in one well in a 96-well plates and incubated for 24, 48, 72, and 96 h at 5% CO~2~, at 37°C. Then, 100 μL of MTT solution was added to each well and incubated for 4 h at 5% CO~2~, at 37°C. Then 100 μL DMSO was added to each well and incubated again for 4 h at 5% CO~2~, at 37°C, until the dissolution of all the formazan; then, absorbance was measured at 490 nm using Multiscan Plate Reader (Thermo Fisher Scientific, Loughborough, UK). The activity curve was then created. Each process was repeated three times.

Cell apoptosis assay
--------------------

Apoptosis of MGC803 and MKN45 cells was evaluated by flow cytometry using the Annexin V PE Apoptosis kit (BD Biosciences, San Jose, CA, USA).[@b18-ott-11-3025] Cells were washed with cold PBS and resuspended in 100 μL binding buffer (1×), followed by addition of 5 μL Annexin V-PE and 5 μL 7-AAD. The cells were incubated for 10 min at room temperature in the dark. Finally, 400 μL binding buffer were added to the cells, which were analyzed by flow cytometry.

Transwell assays
----------------

Cell migration was measured using cell culture inserts (24-well type, 8 μm pore size; Corning Inc., Corning, NY, USA). Subsequently, 1×10^5^ GC cells were added into the upper chambers with the serum-free RPMI 1640 medium, while the lower chambers were filled with 500 μL complete RPMI 1640. After 16 h of incubation, the cells that had migrated to the undersurface of the membrane were fixed in 100% methanol and stained with crystal violet. Cells were visualized and 10 random fields were counted under a microscope.

Wound healing assay
-------------------

Cells were plated in six-well plates. After the cells reached 80% confluence, scratches were made using a 100 μL pipette tip. Wound healing was observed and the migration distance was imaged at different time points.

Statistical analysis
--------------------

Statistical analysis was performed using SPSS v21.0 (SPSS, Chicago, IL, USA) and GraphPad Prism v5.0 (GraphPad Software, La Jolla, CA, USA) software. Difference between two groups was assessed using Student's *t*-test. Data are presented as the mean ± standard error of the mean. All experiments, consisting of three replicates, were performed at least twice independently. A *P*-value \<0.05 was considered as statistically significant, unless otherwise stated.

Result
======

LGR6 influences the protein and mRNA expression of gastric cells
----------------------------------------------------------------

To determine whether LGR6 plays an important role in the protein and mRNA expression in gastric cells, we first performed shRNA-mediated gene silencing of LGR6 in human GC cell lines MGC803 and MKN45 through lentiviral genes with three different shRNA constructs. The efficiency of gene silencing was confirmed by RT-PCR ([Figure 1](#f1-ott-11-3025){ref-type="fig"}). Then, we chose the most efficient shRNA construct (shRNA3) to transfect cells (*P*\<0.001, [Figure 1](#f1-ott-11-3025){ref-type="fig"}). By comparing control group with sh-LGR6 group, we verified the role of downregulation of LGR6. Moreover, we compared sh-LGR6 group with sh-LGR6+OE-LGR6 group to further confirm the regulatory effect of overexpression of LGR6.

The RT-PCR analysis showed that sh-LGR6 could suppress the mRNA expression of Bcl2, and upregulate the mRNA expressions of Caspase 3 and Bax (*P*\<0.05; [Figure 2](#f2-ott-11-3025){ref-type="fig"}); OR-LGR6 could counterregulate these mRNA expressions (*P*\<0.05; [Figure 2](#f2-ott-11-3025){ref-type="fig"}). Besides, Western blot was used to detect the effects of sh-LGR6 and OE-LGR6 on the protein level of GC cells. The result showed the effects of sh-LGR6 and OE-LGR6 on the protein expressions of Bcl2, Caspase 3, and Bax were consistent with that on mRNA expressions ([Figure 3](#f3-ott-11-3025){ref-type="fig"}).

LGR6 regulates the PI3K/Akt/mTOR signaling pathway
--------------------------------------------------

The results of Western blot showed that the expression of phosphorylated AKT and mTOR were significantly downregulated by sh-LGR6 (*P*\<0.05; [Figure 3](#f3-ott-11-3025){ref-type="fig"}); OE-LGR6 could upregulate the expression of phosphorylated AKT and mTOR (*P*\<0.05; [Figure 3](#f3-ott-11-3025){ref-type="fig"}). The results indicated that downregulation of LGR6 inhibited the activation of PI3K/AKT/mTOR pathway, and overexpression of LGR6 promoted the activation.

The roles of LGR6 in the proliferation and apoptosis of gastric cells
---------------------------------------------------------------------

The proliferation of GC cells was quantified by MTT assay. The result showed that LGR6 played an important role in the proliferation of GC cells. sh-LGR6 could inhibit the proliferation at 24, 48, 72, and 96 h after seeding ([Figure 4](#f4-ott-11-3025){ref-type="fig"}). Given that LGR6 could regulate AKT/mTOR pathway, we detected the role of LGR6 in the apoptosis of GC cells by flow cytometry. We found that reduced LGR6 expression could significantly promote the apoptosis of gastric cells (*P*\<0.001; [Figure 4](#f4-ott-11-3025){ref-type="fig"}); LGR6 overexpression inhibited the apoptosis of GC cells (*P*\<0.001; [Figure 4](#f4-ott-11-3025){ref-type="fig"}).

LGR6 inhibits the invasion and migration of gastric cells
---------------------------------------------------------

The invasion and migration of gastric cells were investigated by wound healing assay and Transwell method, respectively. We found that LGR6 also plays an important role in the invasion and migration of GC cells. The results showed that sh-LGR6 could significantly inhibit the invasion and migration of GC cells (*P*\<0.05; [Figure 5](#f5-ott-11-3025){ref-type="fig"}); LGR6 overexpression promoted the invasion and migration of GC cells (*P*\<0.05; [Figure 5](#f5-ott-11-3025){ref-type="fig"}).

Discussion
==========

PI3K/AKT/mTOR pathway is an important intracellular signal transduction pathway to control the progression of tumor cells, including apoptosis, transcription, translation, metabolism, and angiogenesis, by influencing the activation state of many downstream effect molecules.[@b5-ott-11-3025],[@b19-ott-11-3025]--[@b21-ott-11-3025] Therefore, we hypothesized that PI3K/AKT/mTOR pathway was involved in the tumor progression regulated by LGR6. This hypothesis has been confirmed by the present result which showed that phosphorylated AKT and mTOR could be downregulated by sh-LGR6.

The antiapoptotic effect of PI3K/AKT/mTOR pathway may be related to the following mechanisms: 1) Regulating the activity of Bcl-2 family members. The Bcl-2 protein family has been divided into two categories according to its function: one is Bcl-2 and Bcl-xL which inhibit apoptosis, and the other is proteins that promote apoptosis, such as Bax, Bad, Bik, and Bid. Cell survival or apoptosis depends on the balance between these two categories.[@b22-ott-11-3025] 2) Caspase-9 is involved in the initiation of apoptosis and Caspase-3 is involved in the execution of apoptosis. Activated AKT can phosphorylate Caspase-9 and Caspase-3 to prevent Caspase-9 and Caspase-3 activation.[@b23-ott-11-3025] In our result, the expression of proapoptotic proteins Bax and Caspase-3 were upregulated by sh-LGR6; the expression of antiapoptotic protein Bcl2 was downregulated by sh-LGR6. This indicated that LGR6 is an antiapoptosis protein which controls the apoptosis of GC cells through PI3K/AKT/mTOR pathway. Moreover, we performed functional experiments to figure out the regulation of LGR6 on the progression of GC cells. The results showed that LGR6 controlled not only the apoptosis but also the proliferation, migration, and invasion of GC cells. It might be due to the complicated function of PI3K/AKT/mTOR pathway on the progression of tumor cells. Of course, other pathways, such as Wnt/β-catenin pathway, may also play an important role in this process.

As a member of the LGRs, LGR6 is most homologous to two other receptors, LGR4 and LGR5, with 50% identity between each other at the amino acid level.[@b24-ott-11-3025] Several studies have reported that LGR4 and LGR5 are associated with various types of cancer. LGR4 expression was shown to be increased in GC and is useful in diagnosis and prognostic evaluation of GC.[@b25-ott-11-3025],[@b26-ott-11-3025] For LGR5, earlier studies suggested that the expression of LGR5 is significantly higher in GC and LGR5 overexpression significantly enhanced the growth, proliferation, migration, and drug resistance of GC cells.[@b27-ott-11-3025],[@b28-ott-11-3025] At present, the study on the role of LGR6 in the progression of tumor cells is few. Gong et al[@b13-ott-11-3025] reported that LGR6 could activate the Wnt/β-catenin pathway to increase cell migration. Wnt/β-catenin pathway is also involved in the function of LGR4 and LGR5.[@b29-ott-11-3025],[@b30-ott-11-3025] This is the first study providing robust evidence that PI3K/AKT/mTOR pathway was involved in the function of LGR6. That may provide a new direction to research the functions of LGR4 and LGR5.

There were still some limitations in our study. First, we only conducted experiments in vitro. To get a more correct conclusion, we should conduct experiments in vivo. Second, this study investigated the roles of LGR6 overexpression in the progression of GC cells by comparing sh-LGR6 group with sh-LGR6+OE-LGR6 group. However, OE-LGR6 group may be needed to identify the role of LGR6 overexpression in wild-type GC cells. Third, in the functional experimental portion, an experimental group for PI3K/AKT/mTOR pathway inhibitor should be designed to study whether PI3K/AKT/mTOR pathway plays a major role in the function of LGR6.

Conclusion
==========

Our findings indicated that LGR6 could promote the progression of GC through PI3K/AKT/mTOR pathway. That contributes to figuring out the molecular mechanisms of GC progression. In the future, LGR6 may become a new therapeutic target of GC. More experiments in vivo and clinical trials are still needed.
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![The gene silencing efficiencies of three shRNA constructs.\
**Notes:** Cell lines (MGC803 and MKN45) were treated with control and shRNA1, 2, and 3 for 48 h. LGR6 expression at the mRNA level was determined by RT-PCR and expressed as fold change relative to the vehicle group. Each column is shown as the mean of three separate experiments; bars, SD. \*\*\**P*\<0.001.\
**Abbreviations:** RT-PCR, reverse-transcription polymerase chain reaction; SD, standard deviation.](ott-11-3025Fig1){#f1-ott-11-3025}
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The effects of sh-LGR6 on the mRNA expression of GC cells.

**Notes:** The mRNA expression level was determined by RT-PCR and expressed as fold change relative to the vehicle group. Each column is shown as the mean of three separate experiments; bars, SD. \*\**P*\<0.01. \*\*\**P*\<0.001.

**Abbreviations:** GC, gastric cancer; OE-LGR6, lentiviral expression vector of LGR6 gene; RT-PCR, reverse-transcription polymerase chain reaction; SD, standard deviation; sh-LGR6, lentiviral LGR6 shRNA.
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The effects of sh-LGR6 on the protein expression of GC cells.

**Notes:** Caspase 3, Bcl2, Bax, and AKT/mTOR signaling protein level in MGC803 and MKN45 cell lines treated with vehicle, sh-LGR6 or sh-LGR6+OE-LGR6 were detected by Western blot. Each column is shown as the mean of three separate experiments; bars, SD. \**P*\<0.05. \*\**P*\<0.01.

**Abbreviations:** GC, gastric cancer; OE-LGR6, lentiviral expression vector of LGR6 gene; SD, standard deviation; sh-LGR6, lentiviral LGR6 shRNA.
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![The effects of sh-LGR6 on proliferation and apoptosis of gastric cells.\
**Notes:** The proliferation was evaluated by MTT assay. Each point is shown as the mean of three separate experiments. The apoptosis was evaluated by FACS. The Annexin V-FITC changed into Annexin V-PE, and PI changed into 7-AAD. Representative images are shown. Each column is shown as the mean of three separate experiments; bars, SD. \*\*\**P*\<0.001.\
**Abbreviations:** FACS, fluorescence-activated cell sorter; OE-LGR6, lentiviral expression vector of LGR6 gene; SD, standard deviation; sh-LGR6, lentiviral LGR6 shRNA.](ott-11-3025Fig4){#f4-ott-11-3025}

![The effects of sh-LGR6 on invasion and migration of gastric cells.\
**Notes:** The invasion was evaluated by Transwell assay. Each column is shown as the mean of three separate experiments; bars, SD. \**P*\<0.05. \*\*\**P*\<0.001. The migration was evaluated by wound healing assay. Representative images are shown. The magnification 100×.\
**Abbreviations:** OE-LGR6, lentiviral expression vector of LGR6 gene; SD, standard deviation; sh-LGR6, lentiviral LGR6 shRNA.](ott-11-3025Fig5){#f5-ott-11-3025}
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The sequence of LGR6 shRNAs

  Group                   Sequences (5′ to 3′)
  ----------------------- -----------------------
  LGR6 shRNA1             CCCUGGAUCUUAGCUGGAATT
  UUCCAGCUAAGAUCCAGGGTT   
  LGR6 shRNA2             GCAUUCCAGUACCUGCCUATT
  UAGGCAGGUACUGGAAUGCTT   
  LGR6 shRNA3             CCUGGAACUGUCUCACAAUTT
  AUUGUGAGACAGUUCCAGGTT   
  Negative control        UUCUCCGAACGUGUCACGUTT
  ACGUGACACGUUCGGAGAATT   
